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1 Titl of Invention 



PROCESS FOR FORMING THIN GATE OXIDE WITH ENHANCED RELIABILITY 
BY NTTRIDATION OF UPPER SURFACE OF GATE OXIDE TO 
FORM BARRIER OF NITROGEN ATOMS IN UPPER SURFACE REGION 
OF GATE OXIDE, AND RESULTING PRODUCT 

2 Claims 

L A process for forming a b&zner of nitrogoi ihum between a thin gate oxaJe and a 
thin polysAkon gate electrode of an MOS device to Inhibit passage of dopant from the 
thin potysJUoon &*tc electrode into the thin gate oxide which comprises: 

a) forming a thin gate oxkle over a silicon substrate 

b) tutridanag the upper surface of the thin gale oxuie lo lorm a barrier of 

c) fonmng a thin polysuicon gate electrode over said fuoadaaed gate oxide; 

d) doping **id poqrsuiron gate electrode ami ex po se d portions of said silicon 
substrate with dopant to increase the conductivity of said polvsilicoa gate 
electrode and to form source/ drain region* in said silicon substrate; and 

e) annealing the structure to activate said dopant in ski source/ drain regxorts 
and to dgfo aatha dopant throughout said polysiEoan gate electrode; „ 

whereby aaid barrier of nitrogen atoms formed by said mhidatioa of aaid upper surface 
region of said gale oxide will mhabit passage of said dopant through said barrier htrthcr 
into said gate oxide during said annealing. 

Z Theprocessof daim 1 wherein said dopant isboron. 

3. The process of daim 1 wherein said step of nihridattng the upper surface of the thin 
spile oxide further comprise* exposing said upper surface of said thin gate oxide to a 
nitrogen plasma. 

4. The process of claim 3 wherein said nitrogen plasma is formed by flowing a gas 

contain ing nitrogen Into a vacuum apparatus co nta i n i n g said suacon substrate, and men -.lhw.!*:* iiA..«e.t«nw« i<%wi>:i« 

igniting said nitrogen ptasxna in said vacuum apparatus. 

5. Tha process of daim 4 wherein said nitrogen plasma is maintained at a powaa teve! 
of from about 250 watts to about 1000 waits. 

6. The process of cbkn 4 wherein said nitrogen pl a s m a comprises a remote plasma. 

7. The process of daim 4 wherein said rdbidaoon process is carried out in said vacuum 
chamber while maintaining a pressure therein of from about 1 nuuxorr to about 1000 
miflitorr. 

8. The process of daim 3 wherein said step of unsung said thin gate oxide over a 
saicort substrate farther comprises the steps o£ » 

/ 
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a) implanting with nitrogen atoms a region of said substrate Where said thin 
gate oxide will be formed; and 

b) thereafter growing a layer of oxide on said substrate; 

whereby the portion of said layer of oxide grown over said region of said substrate 
implanted with nitrogen will be thinner than the remainder of said oxide layer. 

9. The process of claim 3 wherein said step of forming said thin gate oxide over a 
silicon substrate further comprises the steps of: 

a) growing a layer of oxide on said substrate; and 

b) selectively etching a portion of said layer of oxide where said thin gate oxide 
will be formed, said selective etching carried out by exposing said portion of 
said layer of oxide to a nitrogen plasma while applying an electrical bias to said 
substrate; 

whereby the portion of said layer of oxide grown over said region of said substrate 
subsequently etched with said nitrogen plasma while electrically biasing said substrate 
will be thinner than die remainder of said oxide layer. 
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10L A process for forming a barrier of nitrogen atoms between a thin gate oxide and a 
thin polysiikron gate electrode of a PMOS device to inhibit passage of boron dopant 
from the thin polysUicon gate electrode into the thin gate oxide which comprises; 

a) forming a thin gate oxide over a silicon substrate; 

b) nitridating the upper surface of the thin gate oxide to form a barrier of 
nitrogen atoms In the upper surface region of the gate oxide by exposing said 
upper surface of said thin gate oxide to a nitrogen piasma; 

c) forming a thin polysiticon gate electrode over said nitridated gate oxide; 

d) doping said polysUicon gate electrode and exposed portions of said silicon 
substrate with boron dopant to increase the conductivity of said potysutcon gate 
electrode and to form source/drain regions in said silicon sub strate; and 

e) annealing the structure to activate said boron dopant in said source/drain 
regions and to diffuse the boron dopant throughout said polysilicon gate 
electrode; 

whereby said barrier of nitrogen atoms formed by said ni nidation of said upper surface 
region of said gate oxide will inhibit passage of said boron dopant through said -barrier 
further into said gate oxide during said annealing. 

11. The process of claim 10 wherein said nitrogen plasma is formed by flowing a gas - 
containing nitrogen into a vacuum apparatus containing said silicon substrate, and then 
igniting said nitrogen plasma in said vacuum apparatus. 

12. The process of daim 11 wherein said nitrogen plasma is maintained at a power level 
of from about 250 watts to about 2000 watts. 

13. The process of daim 11 wherein said nitrogen plasma comprises a rem o te plasma. 

14. The process of daim 11 wherein said nitridation p ro c e s s is carried out in said 
vacuum chamber while maintaining a pressure therein of from about 1 miSitorr to 

about 1000 ininitbrr. "" " - 

15. The process of daim 11 wherein said nitridation pr oces s is carried out in said 
vacuum chamber while maintaining a pressure therein of from about 1 millitorr to 
about 500 millitorr. 



16. The process of claim 10 wherein said step of forming said thin gate oxide over a 
silicon substrate further comprises the steps of: 

3 
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a) implanting with nitrogen atoms a region of said substrate where said thin 
gate oxide will be formed; and 

b) thereafter growing a layer of oxide on said substrate; 

whereby the portion of said layer of oxide grown over said region of said substrate 
implanted with nitrogen will be thinner than the remainder of said oxide layer. 

17. The process of claim 10 wherein said step of forming said thin gate oxide over a 
silicon substrate further comprises the steps of: 

a) growing a layer of oxide on said substrate; and 

b) selectively etching a portion of said layer of oxide where said thin gate oxide 
will be formed, said selective etching carried out by exposing said portion of 
said layer of oxide to a nitrogen plasma while applying an electoral Mas to said 
substrate; 

whereby the portion of said layer of oxide grown over said region of said substrate 
subsequently etched with said nitrogen plasma while electrically biasing said substrate 
will be thinner than the rernainder of said oxide layer. 
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18. An MOS device of an integrated circuit structure having a barrier of nitrogen atoms 
in an upper surface region of a thin gate xkie between said thin gate oxide and a thin 
polysUicon gate electrode of said MOS device to inhibit passage of dopant from said 
thin polysilicon gate electrode into said thin gate oxide, said barrier of nitrogen atoms 
formed by: 

a) forming a thin gate oxide over a silicon substrate; 

b) nitridating the upper surface region of the thin gate oxide to form a barrier of 
nitrogen atoms in the upper surface region of the gate oxide; 

c) forming a thin polysilicon gate electrode over said rtitridated gate oxide; 

d) doping said polysilicon gate electrode and exposed portions of said silicon 
substrate with dopant to i nc r e ase the conductivity of said polysilicon gate 
electrode and to form source/ drain regions in said silicon substrate; and 

e) annealing the structure to activate said dopant in said source/drain regions 
and to diffuse the dopant throughout said polysilicon gate electrode; 

whereby said barrier of nitrogen atoms formed by said ratridation of said upper surface 
region of said gate oxide will inhibit passage of said dopant through said barrier further 
into said gate oxide during said annealing. 

3 Detailed Description of Invention 

RAnrnffOf T*rn re -n-rc rMVT^rrir^r 

This invention relates to a process for forming thin gate oxide of enhanced reliability for 
MOS devices of integrated circuit structures, and the resulting product More 
partknilariy, this invention relates to a product and a process for forming the product by 
forming a dopant barrier of nitrogen atoms in the upper surface region of a thin gate 
oxide beneath a thin polysilicon gate electrode by nimdation of the upper surface of the 
thin gate oxide whereby muiirruzatiori of gate depletion and enhanced device 
rjertormance may be maintained by the provision of a thin polysilicon gate electrode 
and a thin gate oxide while mhibiring penetration of gate electrode dopant into the gate 
oxide or the underlying channel region of the MOS device in the senuconductor 
substrate, 



As integrated circuit structures have continued to shrink in size of individual 
components, h has become necessary to accurately control the thickness of materials 
such as silicon oxide and polysilicon formed on the integrated circuit structures. For 
example, formation of an MOS transistor may require the formation of a high quality 
gate oxide of less than 4.0 nanometers (run) in thickness, and a thin polysilicon gate 
electrode thereon of less than 300 nm. The use of such thin polysilicon gate electrodes 
provides a remedy for gate depletion, while enhanced perforate of the resulting 
MOS devices results from the provision of both thin gate oxides and thin polysilicon 
gate electrodes. 
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However, since a poiysilicon gate electrode requires doping to provide (he desired 
electrical conductivity of the electrode, the problem of penetration of the poiysilicon 
gate dopant into the underlying gale oxide and the channel region of the semiconductor 
substrate beneath the gate oxide is exacerbated when such thin gate oxides and thin 
poiysilicon gate electrodes are utilized. 

Implantation of nitrogen into a silicon substrate to control the thickness of a silicon 
oxide layer subsequently grown thereon has been previously demonstrated in the 
literature. As shown in prior art Figure 1, a silicon substrate 2 can be masked by a resist 
mask 4 to expose only that portion of substrate 2 where it is desired to subsequently 
grow a thin oxide The masked structure is then subject to a blanket implantation of 
nitrogen resulting in nitrogen atoms implanted into the exposed silicon substrate 
surface, as shown at 5 in Figure 1. Removal of mask 4 thereafter followed by growth of 
a silicon oxide layer 6 will result in a thin silicon oxide region 8 formed in the portion of 
silicon oxide layer 6 grown over nitrogen implanted region 5 of silicon substrate Z as 
shown in prior art Figure 2. 

Thin oxide region 8 of oxide layer 6 is then utilized as the thin gate oxide of an MOS 
device by depositing a thin poiysilicon layer over silicon oxide layer 6 and then 
patterning both the pofysUkon layer and the underlying oxide layer 6 to form a dun 
poiysilicon gate electrode 16 over thin gate oxide 9 formed from thin silicon oxide 
portion 8 of silicon oxide layer 6, as shown in Figure 3. Insulating side wall spacers 20 
are then conventionally formed on the sidewalls of poiysilicon gate electrode 16, 
followed by implantation with a dopant (such as boron when a PMOS device is to be 
constructed, or phosphorus or arsenic when an NMOS device is being constructed) to 
both dope gate electrode 16 and to form source/ drain regions 22 and 24 in silicon 
substrate Z 

When the structure is then annealed to activate the dopant; the mobility of the dopant 
atoms (particularly boron atoms) and the thinness of both the thin poiysilicon gate 
electrode and the thin gate oxide can result in migration of the dopant atoms such as 
boron atoms through the thin poiysilicon gate into the underlying gate oxide, as wefl as 
through the thin gate oxide into the region of the silicon substrate beneath the gate 
oxide where the channel of the MOS device will be formed. 

While the previous nitrogen implantation of the silicon substrate (to control the 
thickness of the silicon oxide layer grown in the nitrogen- implanted surface of the 

6 
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supplement the dopant barrier formed by the nitrogen atoms present in the upper 
surface region of the g»te oxide layer due to the mrraiati on step of the invention. 

In another embodiment, a selective pardon of a sikon oxide layer on a silicon aofastrate 
may be selectively etched to thin the oxide to the desired thickness for a sufasemxndy 
formed gate oxide. Such etching of the suicoo oxide mar be earned out using a n it rogen 
p4asma with a bias applied to the sflicon substrate, in which case ruoidaiion of the 
surface of the etched lifioon oxide may be carried out in the same apparatus after the 
dcsiicd thick n ess of the silicon oxide layer is achieved, by removing the bias from the 
sflkon substrate. 

The invention comprises a process for inhibiting the rranigr of dopant from a mm 
polysajcon gate electrode into a thin gate oxide beneath the gate ekctroda or mrough 

the gate oxide into the channel region of a silicon substrate beneath the gate oorida. The 

process comprises rotridation of the upper surface region of the gate oxide prfer to 
fw i nalkm of the thin polysOkon gate electrode over the rutrida ted surface of the gate 
oxide to thereby form a barrier of oitrogen atoms m me upper surface region of the gate 
cadde adjac^ the 

passage of dopant atoms from me polysaicon gate electrode otto me gate oxide or the 
chatmel region of the silicon substrate beneath the gate oxide dazing anneaung of the 
structure. 

In one errexxlkneru, a thin gate oxide is first formed over the silicon substrate by 
imptanttog nitrogen atoms into the surface of the sukot substrate in me region where 
the sfBcon oxide win be formed over. Subsequent growth of a silicon oodde layer wul 
result in the herniation of thin silicon oxide in me ritegen-irnrjlanted surface region of 
the silicon substrate. At least some of the implanted nitrogen atoms m the sukon 
substrata surface will then be incorporated into the thin gate oxide to chareby 
supplement the dopant barrier formed by the nitrogen atoms present in the upper 
surface region of the gate oxide layer due to the nitridation step. 

to soother eorkbocLlirient; a selective portion of a sOicon oxide layer on a siBcon substrate 

may be selectively etched to thin the oxide to the desired Akkness for a subsequently 

formed gate oxide. Such etching of the silicon oxide may be carried out using a i jinny *»-»^- 

plasma with a bias applied to the silicon substrate, in which case nitridation of the 

surface of the etched silicon oxide may be carried out in the same apparatus, after the 

desired thickness of the MBcort oxide layer is achieved, by removing the bias from the 

silicon substrate, 

By use of the term thin gate oxide* is meant a silicon oxide gate oxide having a 
thickness of less than 10 run. By use of the term 'tfun gate elerJrode* is meant a 
porysiKcon gate electrode having a tfnekness of less than 300 nm. 

3 
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AN INTEGRATED CIRCUIT STRUCTURE ON A SEMICONDUCTOR SUBSTRATE 
USING NITROGEN PLASMA AND AN RF BIAS APPLIED TO THE SUBSTRATE*, 
assigned to the assignee of this invention, and the subject matter of which a hereby 
incorporated herein. 

K Nitnrfariaa 

After formation of the thin silicon oxide layer portion on the silicon substrate where the 
MOS device will be subsequently constructed, the thin oxide is nitridated, in accordance 
with the invention as shown in Figure 4, by exposing the silicon oxide surface to a 
nitrogen plasma, preferably a remote plasma, in a vacuum chamber while maintaining a 
zero bias on the silicon substrate (to avoid etching of the thin silicon oxide) to thereby 
provide a dopant barrier of nitrogen atoms in the upper surface region of thin portion 
108 of oxide Layer 106 adjacent surface 112 which will become the interface b e tween the 
gate oxide and the polysujcon gate electrode to be constructed thereon. 

The rutridation is carried out for a time period ranging from a minimum of about 2 
seconds up to a period of about 10 minutes. Preferably the rutridation time will range 
from about 5 seconds to about 1 minute, with 10 seconds being a typical time period for 
the rutridation* 

The rutridation process is carried out while mamtairung a pressure within the vacuum 
chamber sufficient: to permit maintenance of a plasma in the vacuum chamber, yet low 
enough to avoid damage to the system and to maintain the pressure within the 
capabilities of the system. Preferably, the pressure will be maintained within a range of 
from about 1 mOTitorr to about 1000 mfllitorr. and most preferably from about 1 
mfllitarr to about 500 mfllitorr, with pressures ranging from about 1 mflHtorr to about 
100 mfllitorr being typical. Maintaining the pressure in the vacuum chamber within 
these ranges will usually satisfy the above criteria. The flow of the gaseous source of 
nitrogen into the chamber will be related to the desired pressure maintained within the 
chamber and the pumping speed erf the apparatus. 

The nitrogen plasma in the vacuum chamber is established by flowing a gaseous source 
of nitrogen, such as N2, or another nrtxogen- conUii ri ng gas such as N2O or NO, into the 
etch apparatus and igniting the plasma, using an rf plasma power source maintained 
within a power range of from a minimum power capable of rnarntairung the plasma in 
the vacuum chamber up to a maximum power level which will not damage either the 
equipment or the substrate. Maintaining the plasma power source within a power 
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The temperature at which the rutridabon is carried out is not considered to be crucial, 
except that maximum temperatures should be below temperatures which might 
damage' the vacuum apparatus or other portions of the integrated circuit structure on 
the semiconductor substrate. Temperatures below about 250*C should be sufficient 
from a standpoint of equipment damage. However, lower maximum temperatures^ 
such as 60 C or Jess, may be preferable from a standpoint of damage to me integrated 
circuit structure, such as resist masks present on the structure during the nitridabon. 
Thermal budget requirements may also favor the use of lower maximum temperatures 
during the nitridation. In any event for preserving the reproducible characteristics of 
the rutridation, it is preferable that a single operating temperature within the above 
co n side ra tions be selected for conduct of the nitridation process. 

By use of the term "remote plasma" is meant a plasma wiuch is generated at a distance 
from the substrate target sufficiently far enough from the plasma origin that 
recoTJ^inaocri of at least some of the electrons with the ionic nitrogen species occurs so 
that the flux of ionic species will be reduced from the initial flux created at the plasma's 
origin. Plasma apparatus having such remote plasma generation capabilities are 
coauTterciafly available, such as, for example, a LAM 940QSE Transformer Coupled 
Plasma (TCP) reactor or an Applied Materials DPS reactor. 



c. Edxmanoa nf Thin Cfa 
After formation of the thin silicon oxide which will serve as the ^te oxide of the MPS 
device to b constructed, and the nitridation of the surface of this thin silicon oxid es , the 
thin porysilicon gate electrode 116 shown in Figure 5 is formed by first depositing a 
blanket layer of porysilicon over the nitridated oxide layer 106 of Figure 4_ This 
deposited poiysiKcan layer may either be initially deposited to the desired thickness, or 
deposited as a thicker layer with portions of the poiysiKcon then removed such as by 
wet or dry etching or by cheoiical/mecrianical polishing (CMP) to achieve the desired 
tfuckness of less than about 300 rm The polysilicon layer is men masked and 
selectively etched, together with the underlying nitridated silicon oxide layer 106, to 
form the desired thin porysilicon gate electrode 116 over the thin silicon oxide gate 
oxide 109 formed from the thinned portion 108 of oxide layer 106. Oxide spacers 20 are 
then formed on the sidewalls of the porysilicon gate electrode by blanket deposit of an 
oxide layer followed by anisotropic etching of the blanket-deposited oxide layer, as is 
well known to those skilled in the art 

if 
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Tne results show that the threshold voltage of each type of device, and at several 

in the upper surface region of the thin gate oxide in accordance with the invention. 

Thus, the invention provides a product and process for forming a barrier of nitrogen 
atoms in the upper surface region of a dHin gate oxide of an MOS device, and 
particularly an PMOS device, by ratridat^ -The 
barrier of nitrogen atoms formed in the upper surface region of the thin gate oxide 
irihibits the passage of dopant from a thm gate elects 

as preventing the passage of dopant into the channel region of the sutetrate below the 
gate oxide, thus increasing the threshold voltage of MDS devices constructed with such 
a barrier of nitrogen atoms. 

\r 
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4 Bri f D scrlptton of Drawings 

RRfFF nFSO? fPTTrvsy of twt? r%p a 

Figure 1 is a fragmentary vertical ooss^ectonal view of a prior art silicon substrate 
showing selective uriplantaaon of nitrogen into an unmasked portion of the silicon 
substrate, 

Figure 2 is a fragmentary vertical cross-sectional view of the nitrogen^lanted prior 
art structure of Figure 1 after removal of tf* mask arrf 
the sflfcon substrate, with a thin silton oxide portion of the oxi^ 
rutrogen-irnpUnted portion of the substrate. 

Figure 3 is a fragmentary vertical cross^uoruU view of the r 
2 after formation of a polysilkon gate elects 

thin portion of the previously formed oxide layer, showing blanket impUntatlori of the 

structure -with boron dopant. 

Figure 4 is a fragmentary vertical cross-sectional view of a selectively nitrogen- 
irnpUnled silicon substrate having a silicon oxide layer with a thin region formed 
thereoa as in Figure Z but with the sur^ of the oxide layer subje^ 
in accordance with the invention. 

Figure 5 is a fragmentary vertical cross-sectional view of the structure of Figure 4 after 
formation of a polysOicon gate electrode over a thin gate oxide formed from the thin 
portion of the previously formed oxide layer, showing blanket implantation of the 
structure with boron dopant and showing the dopant barrier formed at the junction 
between the polysflicon gate electrode and the gate oxide in accordance with me 
invention. 



Figure 6 is a flow sheet tfustzatirtg the process of the invention. 
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